Simultaneous determination of Cr VI and V V in complicated matrices is a very difficult task that was achieved using sophisticated and/or high cost instruments such as anodicstripping voltammetry with ICP-MS detection, 1 ICP-AES, 2 NAA, 3 HPLC, 4 XRF, 5, 6 and AAS. [7] [8] [9] [10] However, the relatively high costs, 1-10 high detection limits [4] [5] [6] [7] [8] and poor recoveries and precisions 1,9 are common disadvantages. Moreover, such methods must be combined with prior preconcentration, ion exchange and/or solvent extraction separation techniques. [2] [3] [4] 6 Therefore, the need for a simple, low cost, sensitive and highly selective method is clear.
Simultaneous determination of Cr VI and V V in complicated matrices is a very difficult task that was achieved using sophisticated and/or high cost instruments such as anodicstripping voltammetry with ICP-MS detection, 1 ICP-AES, 2 NAA, 3 HPLC, 4 XRF, 5, 6 and AAS. [7] [8] [9] [10] However, the relatively high costs, [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] high detection limits [4] [5] [6] [7] [8] and poor recoveries and precisions 1, 9 are common disadvantages. Moreover, such methods must be combined with prior preconcentration, ion exchange and/or solvent extraction separation techniques. [2] [3] [4] 6 Therefore, the need for a simple, low cost, sensitive and highly selective method is clear.
On the other hand, numerous reagents were reported for the spectrophotometric determination of Cr and V. [11] [12] [13] [14] [15] [16] [17] [18] [19] Methods based on the use of diphenylcarbazide 11, 15 and extraction with oxine 11, 16 are most popular and were adopted as standards 11, 17 for the determination of Cr VI and V V . However, the mutual interferences of these ions are very critical and their simultaneous spectrophotometric determination is difficult, so that prior separation or extraction techniques were frequently adopted to separate Cr and V from each other and also from other interfering ions, usually encountered in complicated matrices. [11] [12] [13] [14] [15] [16] [17] The present paper describes an extremely selective, sensitive and simple method for the direct determination of Cr VI and/or V V . The method is based on the reactions of these ions with perphenazine, 4-[3-(2-chloro-10H-phenothiazin-10-yl)propyl]-1-piperazine-ethanol hydrochloride, to give a red-colored product showing a maximum absorbance at 526 nm. The color developed instantaneously upon mixing the reagents and was stable for at least 30 min. The method is completely independent of the reaction conditions and was successfuly applied to the simultaneous determination of Cr and V over a wide range of matrices. Moreover, the t-test at the 95% confidence level could not detect any systematic error and showed the high accuracy and precision of the method.
Experimental

Apparatus
Absorbance measurements were made on a pre-calibrated Shimadzu UV-1601 (Kyoto, Japan) or a Speköl 11 (DDR, Germany) spectrophotometer using 10 or 50 mm cells, respectively. A circulating thermostated water bath was used for temperature control. pH measurements were made using a calibrated E.D.T. (Dover Kent, UK) pH-mV meter model GP 353 equipped with an E.D.T. combined glass electrode.
Reagents
Analytical grade reagents and de-ionized distilled water were used throughout. A stock solution of 0.10 mol l -1 perphenazine hydrochloride, PP, was prepared by dissolving the reagent (Sigma, St. Louis, MO, USA) in 0.20 mol l -1 phosphoric acid. This solution was stable for at least one month when stored in a bottle wrapped with an aluminum foil at 4˚C.
Stock standard solutions of 1000 µg ml -1 of Cr VI or V V were prepared from potassium chromate and ammonium metavanadate, respectively. 11 Working standard solutions were daily prepared from their respective stocks by appropriate dilutions.
The following working solutions were used: 20.0 mmol l -1 of PP, 10.0 mol l -1 of H3PO4, 2.0 mol l -1 of H2SO4, 50.0 mmol l -1 of potassium permanganate, 10.0 mmol l -1 of oxalic acid, 20.0 mg ml -1 of As III and 2.0 or 4.0 µg ml -1 of Cr VI VI and V V in the ratios of 1:100 to 100:1, following the recommended procedure gave recoveries of 97 -102% with relative standard deviations of ≤1.4% for both Cr VI and V V . The total Cr and V was determined first; then, V was determined after addition of As III to reduce Cr VI that was calculated by the difference. Statistical treatment of the analytical results did not detect any systematic error and showed the high accuracy and precision of the method. The unique selectivity and sensitivity of the method allowed its direct application to the determination of Cr and V in complex matrices of certified reference materials and synthetic mixtures. The results obtained are in excellent agreements with the nominal values.
(Received June 28, 1999; Accepted October 24, 1999)
of FeCl3 were used as a precipitant and collector, respectively.
Concentrated hydrofluoric, nitric and perchloric acids were used without dilution.
Homogenized and finely powdered certified reference materials from MINTEK, Council for Mineral Technology, Randburg, South Africa, were used as received.
Sample preparation
Transfer an accurate weight (0.5 -1.0 g) of the certified ore to a 150 ml Teflon beaker, moisten with water and add a mixture of 20 ml HF, 5 ml HClO4 and 5 ml HNO3. 20 Warm the beaker slowly on a hot plate until complete dissolution is achieved; then increase the temperature to about 200˚C to evaporate the excess acid. Cool the sample and dissolve the salt in 10 ml of 2.0 mol l -1 sulfuric acid by warming. Filter off, wash the residue with two 5 ml portions of water, combine the filtrate and washings, add 1.0 ml of the working permanganate solution and boil gently for 5 min. If necessary, add more permanganate to keep the solution purple during boiling. Cool to about 60˚C, add oxalic acid drop-wise to reduce the excess permanganate and after complete decolorization add 0.1 ml excess of oxalic acid. Add 2.5 ml of the collector solution to samples that might not contain enough Fe III . Adjust the pH of the resulting solution to 10.3±0.1 using the working NH4OH solution, allow for coagulation and filter off the formed precipitate. Wash the precipitate with three 5 ml portions of water, collect the filtrate and washings, render the solution acidic to pH 2.0±0.1 using sulfuric acid and make up with water in a 50 ml calibrated flask. Run a blank for this step to avoid any possible introduction of traces of Cr and/or V by the used reagents.
Determination of vanadium and/or chromium
To a 20 ml test tube equipped with a quick fit stopper, transfer a portion of the sample or the working standard solution and dilute with water to 7.5 ml. Add 2.0 ml of the working phosphoric acid, shake, add 0.5 ml of the PP working solution, mix well and transfer a portion of the reacting solution to the 50 mm spectrophotometric cell. Record the maximum absorbance of the resulting colored species at 526 nm, against water as reference.
To another portion of the unknown test solution, add 0.50 ml of As III solution, dilute with water to 7.5 ml, add 2.0 ml of the working phosphoric acid solution, shake, set aside in the thermostated water bath at 60˚C for 5 min and proceed as described above. Vanadium is determined directly from the similarly prepared calibration graph using the working standard V V solution, while Cr concentration is determined by subtraction.
Results and Discussion
Effects of reaction variables
In acidic media, oxidizing agents readily react with perphenazine to give a red-colored species that is believed to be a radical cation. [21] [22] [23] The intensity and stability of the red oxidation product depends on the nature and concentration of the acid used; therefore, sulfuric, hydrochloric phosphoric and acetic acids were tested. Maximum color intensity and stability were obtained in sulfuric and phosphoric acid media; however, phosphoric acid was used to provide enhanced selectivity for the proposed method. The red oxidation product exhibited a maximum absorbance at 525 -527 nm; therefore, 526 nm was used in the subsequent experiments. The color developed instantaneously, just upon mixing the reagents, and gave a constant absorbance for at least 30 min.
Absorbance values increased with phosphoric acid concentrations up to 1.0 mol l -1 and remained almost constant up to 4.0 mol l -1 with both Cr VI and V V . Further increase in acid concentration resulted in a slight decrease in absorbance values. Therefore, a phosphoric acid concentration of 2.0 mol l -1 was adopted in the recommended procedure.
Absorbances increased with perphenazine concentrations up to 0.3 mmol l -1 for both Cr VI and V V . Then the absorbances remained almost constant up to 3.0 mmol l -1 . Therefore, 1.0 mmol l -1 of PP was adopted in the recommended procedure.
Added salts, up to 1.0 mol l -1 of sodium chloride, sodium sulfate or sodium nitrate, had almost no effect on the color intensity or stability. Also, the method is not sensitive to changing the order of adding the reagents or to changes in temperature up to 40˚C; however, at higher temperatures a noticeable decrease in absorbance was recorded. This may be attributed to the disproportionation of the red radical at elevated temperatures.
The effects of foreign ions were investigated in the determination of 0.2 or 0.3 µg ml -1 of Cr VI or V V , respectively. The tolerance limit was defined as the maximum concentration of foreign ion that produced a change of 5% in the respective absorbance values. Apart from its simplicity and sensitivity, the most interesting feature of the developed method is its high selectivity towards the cations of the S-and P-block elements and those of the transition elements, as shown in Table 1 .
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ANALYTICAL SCIENCES FEBRUARY 2000, VOL. 16 The developed method is based on the oxidation of PP with Cr VI and/or V V . Therefore, strong oxidizing or reducing species are expected to interfere by oxidation of PP or the reduction of Cr VI and/or V V , respectively. However, the steps of sample preparation, oxidation with KMnO4, addition of oxalate and the subsequent precipitation described in the recommended procedure successfully eliminated the effects of such oxidizing and/or reducing species, thus rendering the method highly selective for Cr and/or V. For example, as shown in Table 1 , appreciable concentrations of many oxidizing and/or reducing species are tolerated to a great extent, e.g., IO3
-, Au III , Ce IV , Ir IV , Mn VII , Pt IV , Rh IV and Tl III . Only Os VIII and Ru III interfered; however, the native elements of these interfering ions have extremely low natural abundance and are not attacked by acids; 11 therefore, they are not harmful for real samples' analysis following the recommended procedure and thus the method may be applied to a very wide range of matrices.
Reduction of chromium (VI) in presence of vanadium (V)
The developed method is based on the oxidation of perphenazine with Cr VI and/or V V . Thus for the analysis of real samples, Cr and V should be in the proper oxidation states suitable for the reaction.
Oxidation of the lower valence states of Cr and V is best achieved by boiling with excess permanganate in a sulfuric acidic medium, 11 as adopted in the procedure. However, for the simultaneous determination of Cr and V using the proposed method, it is essential to find a suitable reducing agent to eliminate the effects of the added excess Mn VII and/or Cr VI ions. Therefore, in the determination of 0.20 µg ml -1 chromium or 0.40 µg ml -1 vanadium, oxalate, azide and arsenous ions were tested as possible reductants at room temperature and also at 40, 60 and 80˚C, respectively. At room temperature, all tested ions had very small effects, but pronounced effects were observed at higher temperatures. Namely, they were very effective against Mn VII but they affected V V and/or Cr VI to varying degrees depending on the concentration and temperature, as shown in Figs. 1 A -C. Azide ions, especially at high temperatures, affected the recoveries of both Cr VI and V V ; however, the effects were more pronounced with Cr VI , Fig. 1A .
Oxalate ions up to 500 µg ml -1 and at temperatures ≤40˚C, had negligible effects on Cr VI and V V determinations. However, at 60 -80˚C, low recoveries were recorded for both Cr VI and V V , especially at high oxalate concentrations, Fig. 1B . Therefore, the use of excessive amounts of azide or oxalate ions to reduce the unreacted Mn VII ions from fairly hot solutions was avoided in the recommended procedure in order to avoid any possible loss of Cr VI and/or V V . Arsenous ions, up to 2500 µg ml -1 had no effect on the determination of V V , at temperatures up to 80˚C. However, small concentrations of As III at temperatures ≥40˚C can effectively reduce Cr VI and can quantitatively eliminate its effects on the coloring reagent, Fig. 1C . Therefore, As III ion was adopted as an effective reducing agent for Cr VI 
Cr
VI , required 1 and 5 min of contact between Cr VI and As III for complete reduction, respectively. The average recovery of vanadium was 99.7% with relative standard deviation (RSD) of ≤0.9%. Moreover, synthetic binary mixtures in the ratios of 1:100 to 100:1 of Cr VI and V V were also prepared. Upon analysis following the recommended procedure, they gave recoveries of 97 -102 with RSD ≤1.4% for both Cr and V. Moreover, the Student's t-test values were ≤1.2. This shows the high accuracy and precision of the developed method and also shows that the t-test could not detect any systematic error in the developed method (the tabulated t-value for the 95% confidence level and n = 5 is 2.78). 24 
Applications
The enhanced selectivity and sensitivity of the proposed method prompted us to simultaneously determine Cr and V in certified ores and complex synthetic mixtures.
The developed method can tolerate ≥2500 µg ml -1 Fe III . However, it can withstand only 1.0 µg ml -1 Fe II , due to its reducing effects on Cr VI and V V ; a common feature for most methods based on the use of Cr VI and/or V V . 11, 13, 14 In the analysis step of vanadium, As III was added to reduce Cr VI . However, this led to a simultaneous partial reduction of Fe III to Fe II that seriously interfered with V V determination. Therefore, a preliminary precipitation step at pH = 10.3 ± 0.1 was applied, to remove iron from the medium. Quantitative precipitation of Fe III , as the hydroxide, may be achieved at pH ≥3, in presence of a collector such as Al III , Mn II , La III , 11 or even Fe III itself that was adopted in the procedure. Moreover, coprecipitations of V V on Fe(OH)3 and Mg(OH)2 were reported from slightly neutral and strongly alkaline media, respectively. 25, 26 For the adopted precipitation step and in order to avoid the possible losses of V V due to the presence of Fe III and Mg II in the studied complicated matrices, the effects of the different precipitation variables were investigated in presence of 100 µg ml -1 of both Fe III and Mg II in the pH range of 8 -12. Ammonium hydroxide, rather than sodium hydroxide, was used as the precipitant in order to provide a relatively slow increase in pH, especially above 9. Chromium and vanadium gave quantitative recoveries after precipitation in the pH ranges of 8 -12 and 9.9 -10.8, respectively. Therefore, a pH of 10.3±0.1 was adopted in the recommended procedure. Moreover, collector concentrations in the precipitation vessel in the range of 10 -300 µg ml -1 of Fe III had almost no effect on the recovery of Cr VI and V V . Therefore, a 100 µg ml -1 Fe III was adopted in the procedure, especially for samples that might not contain enough concentration of collectors.
The implemented method was successfully applied to the simultaneous determination of Cr and V in two certified ores and four synthetic mixtures. Mixtures 1 and 2 were analyzed directly without the oxidation and precipitation steps; however, mixtures 3 and 4 were subjected to the precipitation step before analysis. The data obtained are in excellent agreements with the nominal values, as shown in Table 2 . Moreover, the t-test values were ≤2.44, showing that there are no statistically significant differences between the nominal values and the results obtained by the developed method, reflecting the high accuracy and precision of the method.
